We analyzed 27 578 CpG sites that map to 14 495 genes in omental arteries of normal pregnant and preeclamptic women for DNA methylation status using the Illumina platform. We found 1685 genes with a significant difference in DNA methylation at a false discovery rate of <10% with many inflammatory genes having reduced methylation. Unsupervised hierarchical clustering revealed natural clustering by diagnosis and methylation status. Of the genes with significant methylation differences, 236 were significant at a false discovery rate of <5%. When data were analyzed more stringently to a false discovery rate of <5% and difference in methylation of >0.10, 65 genes were identified, all of which showed reduced methylation in preeclampsia. When these genes were mapped to gene ontology for molecular functions and biological processes, 75 molecular functions and 149 biological processes were overrepresented in the preeclamptic vessels. These included smooth muscle contraction, thrombosis, inflammation, redox homeostasis, sugar metabolism, and amino acid metabolism. We speculate that reduced methylation may contribute to the pathogenesis of preeclampsia and that alterations in DNA methylation resulting from preeclampsia may increase maternal risk of cardiovascular disease later in life.
Introduction
Preeclampsia is a pregnancy disorder that remains a worldwide health problem and a leading cause of preterm delivery and of maternal and infant mortality and morbidity. 1 It is a complex, multisystem disease which is diagnosed clinically by new onset of hypertension and proteinuria that occur after 20 weeks of gestation in pregnant women who are otherwise healthy. 1 Preeclampsia is often associated with other end organ problems, such as cerebral, pulmonary, and systemic edema, activation of the coagulation system, reduced uteroplacental blood flow, and intrauterine growth restriction. The pathophysiology of preeclampsia is not well understood. It has been considered as a 2-stage disease where the first stage is poor placentation and the second stage is development of exaggerated maternal systemic inflammatory response. 2 Many studies have reported possible genetic contribution to preeclampsia based on inheritance patterns or mutations in candidate genes, 3, 4 however, few studies have examined the possible contribution of epigenetic mechanisms. Epigenetics is the study of changes in gene expression, which are mediated through mechanisms that do not involve changes in the DNA sequence. DNA methylation is the best characterized epigenetic mechanism. 5 It refers to the reversible addition of a methyl group (CH 3 ) at the 5 0 carbon of a cytosine in a CpG dinucleotide context. DNA methylation patterns can change in response to age, environmental stimuli, diet, and oxidative stress. [6] [7] [8] The pattern of DNA methylation is maintained by DNA methyltransferase enzymes during future cell divisions. 7 In general, DNA hypomethylation is associated with increased gene expression, whereas DNA hypermethylation is associated with decreased gene expression. 9 DNA methylation is involved in important biological processes such as tissue-specific gene regulation during development, X-chromosome inactivation, and genomic imprinting. 10 Changes in DNA methylation patterns have been detected in a growing number of complex diseases including cancer, 11 schizophrenia, 12 neural tube defect, 13 and cardiovascular diseases such as atherosclerosis, 14 ischemic heart disease and stroke. 15 Little information is available regarding DNA methylation in preeclampsia, but it might be an important pathologic mechanism because preeclampsia is associated with oxidative stress 16, 17 and obesity, 18 both of which can influence DNA methylation. It has been suggested the increased risk of preeclampsia in assisted reproductive technology pregnancies may be due to early epigenetic changes in gametes and/or embryos that contributes to abnormal placentation and development of preeclampsia. 19 Epigenetic changes associated with imprinted and nonimprinted genes have been demonstrated in preeclamptic placentas, [20] [21] [22] and deletion of imprinted gene p57-Kip2 in mice is associated with hypertension and proteinuria, 23 which are manifestations of preeclampsia. 1 In a study that investigated global DNA methylation profiles of placentas using Illumina GoldenGate Methylation Cancer panel I array, investigators reported promoter hypomethylation of 34 CpG sites in early-onset preeclampsia. 24 To date, there have been no reports dealing with DNA methylation in systemic blood vessels of the mother with preeclampsia. In this study, we used the Illumina HumanMethyla-tion27 platform to simultaneously profile more than 27 000 CpG sites, representing more than 14 000 genes in samples of omental fat arteries isolated from normal pregnant and preeclamptic women. Omental arteries were used because these arteries are a component of maternal systemic vasculature, and they play a role in blood pressure regulation by contributing to total peripheral vascular resistance.
Materials and Methods

Study Participants
Omental fat biopsies of approximately 2 cm Â 2 cm Â 0.5 cm in size were collected from normal pregnant (n ¼ 5) and preeclamptic (n ¼ 7) women (26-40 weeks of gestation) during medically indicated cesarean sections performed at MCV Hospital, Virginia Commonwealth University Medical Center, Richmond, Virginia. Once obtained, the biopsy was placed in a sterile container on ice and transferred to the laboratory for processing as soon as possible. Preeclampsia was diagnosed in gravid females by new onset of hypertension (systolic blood pressure of !140 mm Hg and/or diastolic blood pressure !90 mm Hg) and proteinuria (300 mg or more of protein in the urine per 24-hour collection) that occurred in women who were otherwise normal. 1 Women with chorioamnionitis, maternal infections, active sexually transmitted diseases, lupus, or diabetes, and women who were smokers or in labor were excluded because these conditions are associated with inflammatory changes. Patient clinical data are shown in Table 1 . All participants gave informed consent. The Office of Research Subjects Protection at Virginia Commonwealth University approved this study.
Sample Processing, DNA Extraction, and Bisulfite Treatment
Fat biopsies from normal pregnant and preeclamptic women were dissected for omental arteries under a dissection microscope. Arteries and veins were distinguished from each other based on their morphology. In general, arteries were thicker, narrower, and their branching points were more acute as compared to veins. Omental arteries were dissected and cleared carefully of adhering fat. DNA was extracted from the arteries (*10 mg in weight) using QuickGene DNA tissue kit S kit and QuickGene-Mini80 system (AutoGen, Holliston, 
Methylation Assay
The high throughput Illumina Infinium HumanMethylation27 BeadChip assay (Illumina, San Diego, California) was used for DNA methylation analysis. This assay allows the examination of 27 578 CpG dinucleotides located within the proximal promoters of 14 495 genes. The BeadChip was run by the Nucleic Acids Research Facilities at VCU using the standard protocol provided by Illumina. In brief, 10 mL of bisulfite-treated DNA (50 ng/ml) was isothermally amplified at 37 C for 24 hours. The amplification product was enzymatically fragmented and the fragmented DNA was purified and applied to the BeadChip for hybridization. During hybridization, DNA anneals to specific single-stranded oligonucleotides, which are covalently linked to different types of beads. Each CpG site is presented by 2 types of beads, which corresponds to the nucleotide identity, and thus the methylation status, of the bisulfite-treated cytosine at that site. Hybridization was followed by singlebase extension of the oligonucleotides where the hybridized DNA was used as a template to incorporate hapten-labeled dideoxynucleotides. After that, the BeadChip was fluorescently stained and then scanned for the intensities of the methylated and the unmethylated bead types using the Illumina BeadArray Reader. The scanned arrays were processed using Illumina's GenomeStudio Methylation Analysis Module to obtain the b values for each CpG site, where b ij represents proportion methylated for the ith CpG site and the jth array, and where b ¼ 1 would indicate complete methylation and b ¼ 0 would indicate no methylation. Validation of the BeadChip assay was performed by evaluating the quality of the hybridizations for 6 X-linked genes, and by using COBRA [25] [26] [27] for the À1538 CpG site upstream from the transcription start site (TSS) for the matrix metalloproteinase 1 (MMP1) gene, as we previously described. 28 
Statistical Analysis
Following the seminal article of Bibikova et al, 29 for each CpG site a 2-sample t test was performed comparing the 7 severe preeclampsia samples to the 5 normal samples with respect to proportion methylated. Specifically, for CpG sites i ¼ 1, . . . , 27 578, the hypotheses tested were:
The P values from the 2-sample t tests were obtained for all CpG sites. The P value is the probability of obtaining a test statistic as or more extreme as the one observed under the conditions of the null hypothesis. In most scientific endeavors, an a ¼ .05 threshold is customarily applied so that a P value <.05 is considered as evidence for the alternative hypothesis, that is, P <.05 typically indicates a significant finding. However, application of a ¼ .05 threshold to univariable tests of significance in high-throughput genomic settings will yield a large number of Type I errors simply by chance. When analyzing high-throughput genomic data, the multiple comparison problem is most often addressed through estimation of the false discovery rate (FDR). To control for multiple hypothesis testing, the P values were subsequently used in estimating the FDR using the q value method. 30 More specifically, when testing m null hypotheses, we may want to control the number of rejected null hypotheses that are truly null (F) among all those null hypotheses that are rejected (S). The q value is such a method that for a particular feature is defined to be the expected proportion of false positives among all features as or more extreme than the one observed. 30 For a given P value threshold t where 0
). F(t) represents the number of false discoveries at threshold t while S(t) represents the number of null hypotheses considered significant at threshold t. Formally, FDR(t) is estimated as
where p 0 represents the proportion of hypotheses for which the null is true and I (P g t) is 1 if the P value for the gth CpG site is less than or equal to the threshold t. For application data sets, p 0 is typically unknown and so is estimated using the distribution of raw P values using either a smoothing or A bootstrap method. In this study, CpG sites with a FDR<10% were considered significant.
A sample size calculation based on a preliminary analysis indicated that an n ¼ 6 would have a power of 80% to detect a difference in average b values between normal pregnant and preeclamptic patients of at least 0.10, assuming a common standard deviation (sd) of 0.03 (the median SD for CpG sites) with a 2-sided a level of .001.
For CpG sites identified as significant, the CpG sites were mapped to Gene Ontology terms (molecular function [MF], biological process [BP]) and a hypergeometric test was performed to determine whether any term was overrepresented among those CpG sites identified as significant compared to the number of CpG sites mapping to that term on the entire array. For MF and BP terms, a P value <.05 was considered significant.
Canonical Pathway and Network Identification
Genes with statistically differentially methylated CpG sites were imported into Ingenuity Pathways Analysis software (IPA, v9; Ingenuity systems, Redwood City, California) to identify canonical pathways and gene-to-gene interaction networks within our data set. Canonical pathways and gene networks were algorithmically constructed based on published literature in the Ingenuity Knowledge Base, where each relation was supported by at least one reference.
Results
Due to the role of methylation in X-chromosome inactivation, differential methylation patterns between males and females have been observed for CpG sites of genes located on the X chromosome and are used as quality control checks. 31 Therefore, the quality of the hybridizations was examined by plotting the proportion methylated for the 6 X-linked genes (EFNB1, ELK1, FMR1, G6PD, GPC3, and GLA), which are expected to show hemi-methylation for females as an indication of good quality. 29 Based upon this examination, there were no quality concerns for the 12 samples included in this study (Figure 1 ). There were also no quality concerns for the methylated and unmethylated Jurkat cell DNA run as controls. As an additional validation, COBRA quantification of methylation was used for the À1538 CpG site in the MMP1 promoter, which we previously showed to have reduced methylation associated with increased expression of MMP-1 in amnions of patients with preterm premature rupture of the membranes. 28 COBRA quantification results were directionally similar to the BeadChip assay findings. Methylation by COBRA of an omental artery from a normal pregnant woman was 63%, and methylation of an omental artery from a preeclamptic woman was 52% for a Db of À0.11. This compared favorably with the BeadChip analysis of the À1298 CpG site for MMP1 of 81.6% for normal pregnancy versus 73.6% for preeclamptic pregnancy for a Db of À0.08 (P ¼ .016, FDR ¼ 0.1069). Although the methylation percentage of the À1538 CpG site varied from that of the À1298 CpG site, this is not unexpected because methylation percentage varies for CpG sites in the MMP1 promoter. 28 Unsupervised hierarchical clustering using Euclidean distance and Ward's method was applied to determine whether the samples naturally clustered by diagnosis. The methylation matrix was first filtered to include CpG sites having a mean proportion methylated across all samples of b >0.15 and a standard deviation across all samples among the top 90% of standard deviations, leaving 1233 CpG sites. As such, the filtering procedure did not take any phenotypic data (eg, class labels such as normal and preeclampsia) into account so that unsupervised hierarchical clustering could be applied. Unsupervised hierarchical clustering ( Figure 2 ) revealed natural clustering of the samples by diagnosis, normal pregnant versus preeclamptic and natural clustering of the CpG sites by methylation status, reduced methylated versus relatively more methylated.
Statistical analysis revealed 4184 CpG sites, corresponding to 3736 genes, with significant differential methylation when comparing between normal pregnant and preeclamptic omental arteries at P value of less than .05. This is considerably greater than what is expected by chance alone. Of these CpG sites, 1771 CpG sites, mapped to 1685 genes, had an FDR of less than 10% ( Supplementary Table 1 ) and 237 CpG sites, representing 236 genes, had an FDR of less than 5%. Interestingly, many of these genes were related to inflammation. Of the 237 CpG sites, 155 CpG sites (*65%) had reduced methylation in preeclamptic omental arteries. For each CpG detected in the BeadChip, the distance from the TSS, and whether it was located within a CpG island, was provided by Illumina. Transcription factor binding sites are often located within the nucleosome free region of the gene promoter. 32 The position of the CpG sites relative to nucleosomes was not provided in this assay. However, one could infer that the nucleosome-free region is most likely 200 base pairs upstream of the TSS. 33 The median distance from TSS for the 237 CpG sites was À299 (mean ¼ À335, SD ¼ À333, minimum ¼ À3, maximum ¼ À1487), which was significantly different from the median distance from the TSS for the remaining CpG sites on the BeadChip, which had a median distance from the TSS of 275 (P ¼ .03, Wilcoxon rank sum test). Also, of these CpG sites, 112 CpG sites (*47%) were located within CpG islands. Interestingly, 67% of CpG sites that had significantly reduced methylation were not located in CpG islands, whereas 91% of CpG sites that were significantly more methylated were located in CpG islands. When using an FDR of 10% and identifying 1771 CpG sites as significant, we would expect 177 to potentially be false discoveries. Likewise, when using an FDR of 5% and identifying 237 CpG sites as significant, we would only expect 12 to potentially be false discoveries. When data were analyzed more stringently to an FDR of less than 5% and difference in methylation of more than 0.10, 65 genes were identified, all of which were less methylated in preeclamptic women.
To visualize the distribution of the CpG sites based on their biological and statistical significance, a volcano plot was created by plotting the difference between average proportion methylated for normal pregnant and preeclamptic women for all 27 578 CpG sites analyzed by the BeadChip on the X axis, and the negative log 10 transformed P values from the 2 class comparison analysis performed for each CpG site on the Y axis. The plot was divided into 4 quadrants by the line X ¼ 0, which divided the CpG sites into CpG sites that are less methylated in preeclamptic omental arteries compared to normal pregnant counterparts on the left and CpG sites that were more methylated in preeclamptic omental arteries on the right, and the line Y¼ Àlog 10 (P value equivalent to FDR of 10%) which divided the CpG sites that were significantly differentially methylated above that line and CpG site with no significant difference in methylation below the line (Figure 3) . The larger population of CpG sites that was observed in the upper left quadrant of the plot indicated preeclamptic samples had a significant decrease in their DNA methylation compared to normal pregnant.
When genes with differentially methylated CpG sites at FDR cutoff of 0.05 were mapped to gene ontology for MFs and BPs, 75 MFs and 149 BPs were overrepresented in the preeclamptic vessels (P < .05), many of which were pertinent to the pathophysiology of preeclampsia ( Table 2) .
Genes with differentially methylated CpG sites at an FDR cutoff of 0.1 were analyzed with IPA software to assess the interconnectivity between these genes and other related genes within a canonical pathway or a gene-to-gene interaction network which may indicate functional importance of these genes in the biology of the disease. Twenty-five significant canonical pathways (P < .05) were identified ( Table 3) . Some of these pathways were associated with inflammation, such as retinoid X receptor (RXR) inhibition, peroxisome proliferatoractivated receptor (PPAR) signaling, and high-mobility group box chromosomal protein 1 (HMGB1) signaling. Using IPA network analysis, 50 gene-to-gene interaction networks were identified. Four of them included inflammatory response, hematological disease, inflammatory disease, and/or cardiovascular disease among their top 3 associated biological functions (P < .005). A network is shown in Figure 4 for inflammatory genes.
Discussion
In this study, we used a high-throughput assay to investigate the global DNA methylation profiles in omental arteries from normal pregnant women and women with severe preeclampsia. We identified 3736 genes with significantly differentially methylated CpG sites between the 2 groups, which is significantly greater than expected by chance alone. Unsupervised hierarchical clustering revealed natural clustering by diagnosis demonstrating that DNA methylation profiles distinguished each group. Volcano plot demonstrated that the most significant differences in DNA methylation of CpG sites were ''hypomethylated'' genes in preeclamptic women. Of genes with significant methylation differences, 236 were significant at Figure 3 . Volcano plot comparing severe preeclampsia versus normal pregnancy. The difference in average proportion methylated between severe preeclampsia and normal pregnancy is plotted on the x-axis and -log 10 (P value) is plotted on the y-axis. Blue points represent CpG sites significant using an FDR of 10%; red points represent CpG sites significant using an FDR of 10% and having a difference between the 2 groups exceeding |0.10|. FDR indicates false discovery rate. Please see online version for color reference.
an FDR of <5%. When data were analyzed more stringently to FDR of 5% and difference in methylation of >0.10, 65 genes were identified, all of which had lower levels of methylation in preeclampsia.
The thromboxane synthase gene (TBXAS1) was the most hypomethylated gene in preeclamptic women. TBXAS1 encodes an enzyme that catalyzes the isomerization of prostaglandin H 2 into thromboxane. 34 Preeclampsia is associated with an imbalance of prostanoids: increased thromboxane and decreased prostacyclin, which was first described in the placenta, 35 and later confirmed for maternal blood, 36 and maternal urine. 37 This imbalance provides a plausible explanation for hypertension, reduced uteroplacental blood flow, and hypercoagulopathy observed in women with preeclampsia because thromboxane is a potent vasoconstrictor and platelet activator, whereas prostacyclin is a potent vasodilator and inhibitor of platelet activation. 38 Our findings suggest epigenetic regulation of the TBXAS1 gene because we found that reduced promoter methylation is associated with increased expression in omental arteries of preeclamptic women. 39 Another gene that was significantly less methylated in our analysis was MMP1 (P ¼ .016, FDR ¼ 0.1069, Db ¼ À0.08).
This gene also appears to be epigenetically regulated because its reduced methylation is associated with its increased expression in omental arteries of preeclamptic women, 40 and experimentally induced hypomethylation results in its increased expression in human vascular smooth muscle cells in culture. 41 Interestingly, increased expression of MMP-1 is also associated with reduced DNA methylation in amnion of patients with preterm premature rupture of the membranes. 28 The thromboxane synthase gene was the most significantly hypomethylated gene in preeclamptic women with a Db ¼ À0. 24 . However, a more significant difference in methylation does not necessarily mean it is more important. The Db for MMP-1 was À0.08, but the increase in gene and protein expression for MMP-1 in omental arteries of preeclamptic women 40 was just as great as for thromboxane synthase. 39 Normal pregnancy is associated with mild systemic inflammatory changes which increase as pregnancy progresses. 42 These changes include increased plasma levels of fibrinogen, 43 plasminogen activator inhibitor type 1, 44 ceruloplasmin, 45 interleukin 6, 46 and tumor necrosis factor-a. 47, 48 They also include leukocytosis, 49 leukocyte activation, 50-52 increased circulating markers of oxidative stress such as lipid hydroperoxides and malondialdehyde, 53 and hypertriglyceridemia. 54 All these inflammatory changes are exacerbated in preeclampsia. 55 This suggests that preeclampsia may arise due to an inability of maternal homeostasis to adapt to a pregnancy-induced systemic inflammation. In our study, many inflammation-related genes were significantly hypomethylated in preeclamptic women as compared to normal pregnant women. DNA hypomethylation is generally associated with increased gene expression, so reduced methylation may place a woman in a more responsive state to inflammatory stimuli. Phosphoprotein phosphatase inhibitor activity Positive regulation of interferon-a production vitamin E binding Positive regulation of interferon-b production Positive regulation of Rac GTPase activity Positive regulation of vasoconstriction vitamin E metabolic process Abbreviations: GTPase, guanosine triphosphate hydrolase; GDP, guanosine diphosphate; CCR, C-C chemokine receptor; CXCR, C-X-C chemokine receptor; MAPK, mitogen-activated protein kinase; cGMP, cyclic guanosine monophosphate.
Ingenuity pathway analysis demonstrated that genes with significant changes in methylation in preeclamptic women were associated with multiple canonical pathways related to inflammation and immune response. These pathways included inhibition of RXR function and PPAR signaling. Both PPARs and RXRs help regulate inflammatory responses in endothelial and vascular smooth muscle cells. Activation of these receptors results in the formation of PPAR/RXR heterodimers which Table 3 . Canonical Pathways Identified by Ingenuity Pathway Analysis Software at a P Value <.05 LPS/IL-1-mediated inhibition of RXR function  IL18RAP, ABCG5, IL1RL1, APOC4, GSTA5, ABCG1, FMO5, NR0B2, ALDH1A3,  NR1I2, CYP3A7, ACSL5, GSTM4, FABP1, CHST11, FABP4, ACSL4, CHST10,  FMO1, ALDH3A1, IL1RAP, FMO3, MYD88, MGMT, CHST12, IL1R1, ACSBG2,  ALDH9A1, TLR4, NR1H2, MGST2, SULT1A1, CPT2, SULT1B1, MGST3  Role of cytokines in mediating communication  between immune cells   IL1A, IL5, IFNA8, IL10, IL27, IL1F10, IFNA16, IL24, IL25, IL17A, IL1F9, IFNA21, IL4   IL-10 signaling  IL18RAP, MAP3K14, IL1A, IL1RL1, IL10, FCGR2A, NFKBIE, IL1F10, MAPK13, IL1R1,  NFKB2, FOS, IL1F9, SP1, IL1RAP  LXR/RXR activation  IL18RAP, ABCG5, IL1A, MSR1, IL1RL1, APOC4, ABCG1, NFKB2, IL1F10, IL1R1 exert anti-inflammatory effects in these cells. 56 Preeclampsia is associated with inflammation and dysfunction of maternal systemic endothelial and vascular smooth muscle cells, 57 so the inhibition of these pathways may contribute to the pathophysiology of preeclampsia. High-mobility group box chromosomal protein 1 signaling is another canonical pathway identified by IPA software in our data set. High-mobility group box chromosomal protein 1 is a nuclear transcription factor that possesses potent cytokine activity when released from innate immune cells, mediating the late response to inflammation 58 through toll-like receptors 4 and 2. 59 High-mobility group box chromosomal protein 1 is also released from cultured human vascular smooth muscle cells in response to C-reactive protein, 60 which is elevated in preeclampsia. 61, 62 High-mobility group box chromosomal protein 1 causes increased expression of intercellular adhesion molecule 1 (ICAM-1) and interleukin 8 (IL-8) in cultured human endothelial cells 63 and increases expression of C-reactive protein, MMP-2 and MMP-9, in cultured human vascular smooth muscles. 60 These changes are similar to what is found in preeclampsia where the expression of ICAM-1 and IL-8 are increased in endothelial cells of maternal systemic blood vessels, 64 and levels of C-reactive protein, 61,62 MMP-2 65 and MMP-9 66 are elevated in the plasma. This suggests that hypomethylation related to HMGB1 signaling may be involved in the pathophysiology of preeclampsia. Analysis of IPA also indicated that genes in our data set were involved in gene-to-gene interaction networks, which had inflammatory response, inflammatory disease, and cardiovascular disease among their top associated biological functions. These relationships suggest that DNA methylation may contribute to preeclampsia by influencing multiple pathways and gene-to-gene networks related to inflammation in a woman's systemic blood vessels. When genes with an FDR of <5% were mapped for MFs and BFs, 75 MFs and 149 BFs were overrepresented in preeclampsia representing functions and pathways pertinent to pathophysiology. These included smooth muscle contraction, thrombosis, inflammation, redox homeostasis, sugar metabolism, and amino acid metabolism. These are particularly relevant to preeclampsia because it is associated with increased vascular resistance, increased arterial pressure, 67 reduced uteroplacental blood flow, 68 hypercoagulopathy, 69 inflammation, 55 oxidative stress, 16, 17 and altered carbohydrate and amino acid metabolism. 70 Figure 4 . A gene-to-gene network identified by IPA analysis in our data set. The network includes multiple inflammatory genes, which were hypomethylated in preeclampsia (green) and show the direct (indicated by solid line) and indirect (indicated by broken line) interaction between these genes and other genes in the network. The figure also shows the interaction between genes in the network with canonical pathways related to inflammation. IPA indicates Ingenuity Pathways Analysis. Please see online version for color reference.
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Preexisting maternal genetic variation in key genes may also have an impact on DNA methylation. For example, allelic variations in the methylenetetrahydrofolate reductase gene have been associated with preeclampsia. 71 Methylenetetrahydrofolate reductase is an important enzyme regulating the synthesis of S-adenosylmethionine that provides methyl groups for DNA methylation. 72 S-adenosylmethionine synthase is also inhibited by oxidative stress, which reduces the availability of glutathione necessary for its activity. 72 The changes in methylation observed may have been preexisting or the result of preeclampsia. If they were preexisting, they could have contributed to an increased risk of preeclampsia. The changes could also be the result of the oxidative stress of preeclampsia because oxidative stress and DNA oxidation can cause a loss in DNA methylation. 8, 72, 73 Once the DNA pattern is altered, it is maintained by DNA methyltransferase 1 during future cell divisions, so alterations in DNA methylation occurring as a result of preeclampsia may contribute to the increased risk of cardiovascular disease later in life experienced by women who have had preeclampsia. Additional alterations in the DNA methylation pattern may occur after preeclampsia because many factors affect it, such as age, diet, environmental toxins, and oxidative stress. [6] [7] [8] Our study had some methodological limitations. The number of samples analyzed was limited due to the difficulty in obtaining omental arterial samples. There was also a difference in gestational ages between groups. This was inevitable because we evaluated patients with severe preeclampsia, which is a leading cause of preterm delivery. There are no studies that address the effect of gestational age on DNA methylation to suggest that a difference of 5 weeks could account for the differences in methylation patterns we observed. In addition, although the Illumina Human Methylation27 platform is a reliable way to assess the methylation status of large numbers of CpG sites in the promoter region of genes, 29 it does not cover all CpG sites in the human genome. Methylation of CpG sites outside of the gene promoter regions are also likely important. Consequently, some important epigenetic alterations may have been overlooked in our analysis. Another limitation is the cellular heterogeneity of omental arteries, which did not allow us to specify the cell type where methylation changes were occurring. Because of the extensive infiltration of neutrophils into the mother's blood vessels in preeclampsia, 57, 64, 74 neutrophils are just as likely to be the source of the DNA methylation changes as are endothelial or vascular smooth muscle cells.
In summary, our study is the first to compare DNA methylation profiles in systemic blood vessels of normal pregnant and preeclamptic women. Reduced methylation of inflammatory genes was prominent in omental arteries of preeclamptic women. Genes with significant differential methylation were involved in multiple pathways and gene-to-gene networks pertinent to the clinical features of preeclampsia. It is possible that epigenetic changes could be both a cause and an effect of preeclampsia because DNA methylation is affected by factors, such as diet, obesity, and oxidative stress. 8, 72, 73 It is possible that these factors reduce DNA methylation prior to pregnancy and thereby increase the risk of getting preeclampsia. On the other hand, vascular infiltration of neutrophils and oxidative stress during preeclampsia may reduce DNA methylation in the blood vessels of the mother, leading to increased risk of cardiovascular disease later in life. 75 Prospective and follow-up studies will be necessary to more fully evaluate the role of DNA methylation as a cause of preeclampsia and its follow-up sequelae.
Our study may have clinical implications for the treatment of preeclampsia. Folate is an essential vitamin for the synthesis of methyl donors utilized by methyltransferases to methylate DNA. Therefore, dietary supplementation with folate might restore reduced methylation in inflammatory genes and protect against the development of preeclampsia. In this regard, a large study of almost 3000 pregnant women found supplementation with multivitamins containing folic acid was associated with reduced risk of preeclampsia. 76 
